In a previous study we reported the presence of a large conductance K + channel in the membrane of endoplasmic reticulum (ER) from rat hepatocytes. The channel open probability (P o ) appeared voltage dependent and reached to a minimum 0.2 at +50 mV. Channel activity in this case was found to be totally inhibited at ATP concentration 2.5 mM, glibenclamide 100 µM and tolbutamide 400 µM. Existing evidence indicates an impairment of endoplasmic reticulum functions in ER stress condition. Because ER potassium channels have been involved in several ER functions including cytoprotection, apoptosis and calcium homeostasis, a study was carried out to consider whether the ER potassium channel function is altered in a high fat diet model of ER stress. Male Wistar rats were made ER stress for 2 weeks with a high fat diet. Ion channel incorporation of ER stress model into the bilayer lipid membrane allowed the characterization of K + channel. Our results indicate that the channel P o was significantly increased at voltages above +30 mV. Interestingly, addition of ATP 7.5 mM, glibenclamide 400 µM and tolbutamide 2400 µM totally inhibited the channel activities, 3-fold, 4-fold and 6-fold higher than that in the control groups, respectively. Our results thus demonstrate a modification in the ER K + channel gating properties and decreased sensitivity to drugs in membrane preparations coming from ER high fat model of ER stress, an effect potentially linked to a change in ER K + channel subunits in ER stress condition. Our results may provide new insights into the cellular mechanisms underlying ER dysfunctions in ER stress.
INTRODUCTION
The endoplasmic reticulum (ER) is a vast intracellular organelle responsible for protein synthesis, folding, maturation, quality control, trafficking, lipid synthesis, and drug detoxification. Various factors that interfere with ER function lead to accumulation of unfolded proteins, including oxidative stress, ischemia, disturbance of calcium homeostasis, and over expression of normal and/or incorrectly folded proteins. This process is called ER stress. To eliminate the toxic protein components, cells activate an adaptive mechanism that consists of a number of intracellular signaling pathways, collectively known as unfolded protein response (UPR) (Xu et al., 2005; Ron and Walter, 2007; Basseri and Austin, 2011) . However, during prolonged or overwhelming ER stress, UPR fails to restore the normal function of the ER, and apoptotic cascade will be activated (Paschen and Frandsen, 2001; Rao et al., 2004) . The exact mechanism underlying the switch of the UPR from a prosurvival mechanism to a proapoptotic response is not clear.
Ion channels are present in membranes of intracellular organelles such as mitochondria (Bednarczyk, 2009) , nucleus (Fedorenko et al., 2010) , zymogen granules (Thevenod, 2002) , and Golgi complex (Thompson et al., 2002) . These channels are thought to play an important role in cellular processes such as compensation for electrical charges and regulation of pH (Edwards and Kahl, 2010; Khodaei et al., 2014) , oxidative stress (Averaimo et al., 2010; Malinska et al., 2010) , or acting as therapeutic targets (Fedorenko et al., 2010) . Potassium channels have also been found in endo/sarcoplasmic reticulum. Picard et al. (2002) demonstrated the electro-pharmacological properties of sarcoplasmic reticulum (SR) K + channels from human and sheep atrial cells (Picard et al., 2002) . Voltage-gated potassium channels were also identified in SR of diaphragm (Picher et al., 1996) and frog skeletal muscle. Accordingly, we have shown a large conductance voltage-activated K + channel in the RER (rough endoplasmic reticulum) membranes of hepatocytes (Sepehri et al., 2007) which is regulated by intracellular ATP (Ghasemi et al., 2014a) . It has been suggested that both SR/ER Cl ions by maintaining the ER membrane potential away from E Ca (Gutman et al., 2005; Li et al., 2006) and protect ER luminal homeostasis.
Some evidence demonstrated that ER stress altered potassium channel function in cell membrane. For example, Kito et al. (2011) demonstrated that ER stress induced up-regulation of inward rectifier K + channel and facilitated cell death (Kito et al., 2011) . Furthermore, dysfunction of an ER-resident Ca 2+ channel, inositol 1,4,5-trisphosphate receptor (IP3R), promotes cell death during ER stress (Higo et al., 2010) . The possibility that ER channels play a role in the ER stress is not clear. In this study, we show significant abnormalities in ER potassium channel in high fat diet model of ER stress. Our results provide new insights into the cellular mechanisms of ER stress complications.
MATERIAL AND METHODS
Sucrose, potassium chloride, ATP, glibenclamide, tolbutamide, 2-amino-2-(hydroxymethyl)-1,3-propanediol (Trisma base) and 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES) were purchased from Sigma (St. Louis, MO, USA) and n-decane was obtained from Merck (Darmstadt, Germany). Salt and solvent were analytical grade.
Lipid preparation
The ER membrane is relatively enriched in the neutralzwitterionic phospholipids having large polar headgroups such as L-α-phosphatidyl choline (van Meer et al., 2008) . Therefore, we formed bilayer lipid membrane by L-α-lecithin. L-α-phosphatidyl choline (L-α-lecithin) was extracted from fresh egg yolk by the procedure as described by Singleton et al. (1965) .
Ethical considerations
All experiments were executed in accordance with the Guide for Care and Use of Laboratory Animals (National Institutes of Health Publication No. 80-23, revised 1996) and were approved by the Research and Eth-ics Committee of Shahid Beheshti University of Medical Sciences.
Induction of ER stress in rats
Six male Wistar rats, weighing 165-185 g, were allowed to acclimatize for 7 days in an environmentally controlled room at 22
• C with an alternating 12 h light/dark cycle and free access to normal laboratory food and water. After 1 week acclimation, the animals were randomly assigned to either a control or ER stress groups. Rats in the control group were continually fed only normal chow diet (composed of fat 12 %, protein 23 %, carbohydrate 65 % based on caloric content) and ER stress rats were fed with high fat diet (HFD; composed of fat 59 %, protein 15 %, carbohydrate 26 % based on caloric content) (Srinivasan et al., 2005; Park et al., 2010; Nivala et al., 2013) and free access to water for two weeks. HFD prepared from mixing and blending of new intra abdominal bovine fat with normal rat meal in 1:3 ratios. Serum glucose, insulin, free fatty acid, triglycerides, total cholesterol levels and weight were checked on 0 and 14 days (before and after feeding with HFD, respectively). Animals were considered to be an ER stress animal model if they had ER stress features (Matveyenko et al., 2009 ) such as high blood concentrations of glucose, insulin, free fatty acid, triglycerides and total cholesterol. After 2 weeks, the HFD fed rats were sacrificed and the liver excised for study.
Endoplasmic reticulum isolation
Hepatic endoplasmic reticulum vesicles from control and HFD fed rats were extracted by methods as described by Kan et al. (1992) with minor modifications. Rats were lightly anesthetized by ether and livers were rapidly removed and homogenized in 50 ml cold sucrose (0.25 M) solution at 2850 rpm using a potter homogenizer (Potter-Elvehjem Homogenizer, Iran). The homogenate was centrifuged for 13 min at 8700 ×g. Then, the supernatant was centrifuged at 110000 ×g for 14 min at 4 °C (Beckman model J-21B, USA). The pellet was gently suspended in 9 ml of ice-cold sucrose 2 M, by glass homogenizer to obtain a homogenous suspension. Subsequently, in a sucrose gradient condition, the suspension was centrifuged at 300,000 ×g for 67 min, and the obtained sediment was dissolved in 20 ml of sucrose 0.25 mM + imidazole 3 mM + Na pyrophosphate 0.5 mM. The solution was then centrifuged three times at 140000 ×g for 40 min. The obtained sediment (ER microsomes) was dissolved in 1 ml sucrose 0.25 mM + imidazole 3 mM at a final concentration of 7 mg/ml. ER microsomes were stored in 10 µl aliquots in 250 mM sucrose/3 mM imidazole, pH 7.4 at -80 °C until being used.
Planar lipid bilayers and vesicle fusion
Experiments were performed by using black (bilayer) lipid membrane technique (Ries et al., 2004) . Planar phospholipid bilayers were formed in a 250 µm-diameter hole drilled in a Delrin partition, which separated two chambers, cis (cytoplasmic side) and trans (luminal side). Chambers contained 4 ml of KCl 200 mM/50 mM cis/trans. Under these conditions there will be a net movement of water across the bilayer from trans to cis face. Vesicles in the pre-fusion state will swell if water enters the lumen across the bilayer (Ashrafpour et al., 2008) . The pH on both sides was adjusted to 7.4 with Tris-HEPES. Planar phospholipid bilayers were painted using a suspension of La-lecithin in decane at a concentration of 25 mg/ml. An indication of the thickness of the bilayer membrane formed across the hole obtained by monitoring capacitance. A low frequency (1-10 Hz), low amplitude (5-20 mV peak to peak) triangular wave is used. Typical capacitance values ranged from 200 to 300 pF. Fusion of the vesicles was initiated mechanically by gently touching the bilayer from the cis face using a small stainless steel wire of 150 µm diameter, on the tip of which a small drop of the vesicle-containing solution was deposited.
Electrical recording and data analysis
BC-525D amplifier (Warner Instrument, USA) in the voltage clamp mode was used to amplify the current and control the voltage across the bilayer through Ag/AgCl electrodes. The cis electrode was set to a command voltage relative to the trans electrode, which was grounded. The recordings were filtered at 1 kHz with a four-pole Bessel lowpass filter, digitized at a sampling rate of 10 kHz and stored on a personal computer for off line analysis by PClamp10 (Axon Instruments Inc, USA). Unitary channel conductance was calculated from the currentvoltage relationship. The channel open probability (P o ) was calculated using the standard event detection algorithms in Pclamp10, on segments of continuous recordings lasting 50 s. The results are expressed as means ± standard error of the means (S.E.M.).
RESULTS

Blood factors concentrations and animal weights
A number of studies have shown that HFD feeding of lab animals can increase weight and blood concentrations of glucose (Srinivasan et al., 2005; Matveyenko et al., 2009) , insulin (Barnard et al., 1998) , cholesterol (Ishii et al., 2010) , triglyceride (Yuan et al., 2010) and free fatty acids (Charbonneau et al., 2007) and subsequently induces endoplasmic reticulum stress (Charbonneau et al., 2007) . In this study, two weeks HFD feeding of rats were significantly increased weight values by ~9 % (P < 0.01), serum concentrations of glucose by ~17 % (P < 0.03), insulin ~110 % (P < 0.03), triglyceride ~50 % (P < 0.01), cholesterol ~23 % (P < 0.01) and free fatty acids ~16 % (P < 0.01) respect to control group (Table 1) . These results confirmed the validity of our HDF-induced ER stress rat model. Biophysical properties of the ion channel Our previous study revealed an ER membrane localized voltage-gated potassium channel with a conductance of 598 ± 20 pS (Sepehri et al., 2007) , but no study has been performed using an ER membrane preparation from a rat ER stress model. Examples of single channel recordings obtained upon fusion of ER vesicles in control and ER stress rats under asymmetrical condition (50 mMtrans/250 mM-cis) are presented in Figure  1A and B, respectively. Clear current outward jumps could be observed at potentials more positive than 10 mV, with a reverse potential value estimated at -30 mV, confirming the cationic nature of the channel. The channel gating behavior was voltage dependent with decreased channel opening separated by longer silent periods at increasingly positive potential values in control but not ER stress model. In addition, the reverse potential close to -34 mV shows unidirec- + channel from high fat diet model of ER stress compared to control. There was no significant effect in conductance in the ER stress group (569 ± 12.5 pS) relative to control (565 ± 15.5 pS). Data points are mean ± SEM, obtained from 6 experiments.
tional reconstitution of the channel into lipid bilayer membrane. As illustrated in Figure 2 , the current-voltage (I-V) relation was linear in control and ER stress rats and the slope conductances were 569 pS and 560 pS, respectively with negative reversal potentials close to -30 mV, which attest its cationic selectivity under these conditions. There were control ER Stress no significant differences in channel conductance and current amplitude between control and ER stress rats. The effect of voltage on the channel activity was investigated by measuring the channel open probability (P o ) as a function of voltage. As seen P o estimates for the ER stress model reached values close to ~0.88 at +60 mV with already the same values ~0.8 at -60 mV, while the control potassium channel P o decreased from ~0.89 at -60 mV to a minimum of ~0.12 (n = 5) at +60 mV (Table 1 ). These results confirmed that channels coming from ER stress rat preparations present an overall ~1.7 to ~9 increase in P o relative to non-ER stress preparations at +40 to +60 mV, respectively.
Pharmacological properties of the ion channel
In a previous work we have reported an ATP-sensitive potassium channel blocked by ATP and glibenclamide (Ashrafpour et al., 2008; Ghasemi et al., 2014a) . Experiments were thus performed to determine the nature of the potassium channel observed from ER stress rat preparations. As seen in Figure 3A and B the addition of 2.5 mM of ATP to cis compartment did not alter neither the channel conducting nor gating behavior in ER stress rats. In contrast, addition of 5 mM ATP decreased channel P o (P < 0.001) and current amplitude (P < 0.001) and 7.5 mM ATP (3-fold higher than that in the control group) totally blocked the channel activities at +10 mV (n = 3). To further characterize this channel, the effect of glibenclamide and tolbutamide as well-known sulfonylurea to block ATP-sensitive K + channel was examined on channel activities. Figure 4A and B shows that the addition of 100 and 200 µM glibenclamide on the cis side had no significant effect on channel amplitude and P o at +10 mV (n = 4). Potassium single channel recordings after addition of 300 µM glibenclamide to the cis face (n = 3) decreased current amplitude (P < 0.001) and channel P o (P < 0.001) at +10 mV. Glibenclamide (400 µM; 4-fold higher than that in the control group) totally blocked channel activities ( Figure 4A and   B) . Figure 5A and B shows that the K + current was completely inhibited by addition of tolbutamide (2.4 mM; 6-fold higher than that in the control group ) to cis compartment at +10 mV (n = 4) (P < 0.001), while after addition of 1.6 mM tolbutamide the current amplitude and channel open probability decreased significantly (P < 0.001). Tolbutamide 0.4 and 0.8 mM had no effect on channel activities ( Figure 5A and B) .
These results demonstrated that the sensitivity of channel obtained from ER stress rat preparations significantly decreased to ATP and sulfonylurea drugs. 
DISCUSSION
The endoplasmic reticulum (ER) is the synthesis and folding site for membrane and secretory proteins, and is responsible for several important cellular functions, including Ca 2+ storage and cell signaling. Disruption in homeostasis and accumulation of unfolded and misfolded protein in the ER lumen causes ER stress (Scheuner et al., 2005) . If the function of the ER is severely impaired, genes and pathway leading to cell death and/or inhibition of survival are also activated (Rao et al., 2004) . The cellular signals involved in ER stress-mediated cell death and apoptosis are complex and yet not fully understood (Breckenridge et al., 2003; Rao et al., 2004) . The present findings demonstrate that ER K + channel activity is increased in fatty acid-induced ER stress model, with no effect on conductance, altered voltage-dependent gating properties, including increased P o at depolarizing potentials. Furthermore, our results demonstrate an altered sensitivity of the channel to inhibitory effects of ATP and sulfonylurea drugs.
A modification in drug sensitivity could contribute to the observed changes in ER K + gating properties while being partly responsible for ER impairment. Existing evidence shows various factors lead to ER stress. For example, it has been shown that elevated plasma free fatty acids (FFAs) can induce beta cell (Cnop et al., 2007) and hepatic ER stress (Nivala et al., 2013) . There is evidence, including our current work, that already during the second week after introduction of highfat diet, body weight, glucose, FFAs, triglyceride and cholesterol increased significantly more in the high-fat diet-fed animal than in the normal diet-fed animal (Winzell and Ahren, 2004; Ishii et al., 2010; Nivala et al., 2013) . The mechanism behind ER stressinduced lipoapoptosis is complicated and could involve several factors; including depletion of ER calcium levels (Gwiazda et al., 2009 ). It has also been proposed that FFAs, such as palmitate, reduce ER-to-Golgi trafficking, contributing to ER stress through protein overload in the ER lumen (Preston et al., 2009 ). Furthermore, we observed high fat diet-increased plasma glucose. Hyperglycemia leads to considerable generation of reactive oxygen species (ROS), which is responsible for the oxidative stress (Basha et al., 2012) . It is still unclear whether the ER stress response can be initiated as a direct response to the increasing load on protein synthesis and maturation due to hyperglycemia or due to the hyperglycemia-associated oxidative stress. The possibility that ER stress response also can lead to excessive ROS formation cannot be ruled out. Furthermore, we observed increased BiP and CHOP protein expressions in high-fat dietfed rat (article is being prepared for submission). This observation is supported by van der Kallen et al. (2009) who showed hepatocytes from rats on a high saturated fat diet were characterized by increased CHOP protein . CHOP is expressed at a very low level under physiological conditions but its expression level significantly increases in the presence of severe or persistent ER stress (Wang and Ron, 1996) . There is some evidence to show that ER stress affects plasma membrane ion channel regulation (Hambrock et al., 2006; Kito et al., 2011) .
Ion channels are present in membranes of intracellular organelles (Sepehri et al., 2007; Ashrafpour et al., 2008; Fahanik-Babaei et al., 2011) .These channels are thought to play an important role in cellular processes such as compensation of electrical charges and formation of pH (Szewczyk, 1998) , oxidative stress (Malinska et al., 2010) , or acting as therapeutic targets (Peixoto et al., 2010) . Since, our previous studies have relatively well described the biophysical properties of a big K + channel which was inhibited by ATP and glibenclamide (Sepehri et al., 2007; Ashrafpour et al., 2008; Ghasemi et al., 2014a) , our focus has turned to the biophysical and pharmacological analysis of this channel in ER stress condition.
The single ER K + channel data presented here provide for the first time direct evidence for an increase in channel open probability (~9-fold increase compared with control group at +60 mV). We showed in this work that the I-V curve derived for the ER K + channel of early ER stress preparations presents the same properties which observed with channels from non-ER stress preparations where the I-V relationships remained strictly linear under the same ionic conditions (Sepehri et al., 2007; Ghasemi et al., 2014a) . We cannot exclude, however, the possibility those ER K + ion permeation properties can functionally impair during prolonged or overwhelming ER stress. Our results provide evidence for differences in channel open probability with channels coming from ER stress vesicle preparations characterized by an increased open probability at depolarizing potentials, in contrast to control ER K + channels which showed the most significant decrease being observed at depolarizing potentials (above +30 mV). In line with this study, it has been reported that ER stress causes ion channel activation in cell membrane (Kito et al., 2011) . Saturated fatty acids such as palmitate and stearate in high fat diet are known inducers of ER stress Guo et al., 2007) and saturated fatty acids incorporation into hepatic ER lipids can alter ER membrane fluidity and subsequently ion channel activity (Cnop, 2012) . Interestingly, our previous work described that ER K + channel inactivation (P o reaches to 0) was observed in diabetic rats at voltages above +30 mV (Ghasemi et al., 2014a) . It is possible that diabetic induces severe ER stress resulting in channel activities impairment while early FFA-induced ER stress causes increase channel open probability to trigger the UPR branches (an adaptive cellular response to the disturbance of normal ER functions). Existing evidence to show that under diabetic conditions, oxidative stress and ER stress are induced in various tissues (van der Kallen et al., 2009 ) and vice versa (Pan et al., 1994) . Upon ER stress, excessive unfolded proteins accumulate in the ER lumen, resulting in the over expression and dissociation of BiP from the ER stress transducers (Haze et al., 2001) , which triggers activation of the UPR branches (Schroder and Kaufman, 2005) . However, during prolonged or overwhelming ER stress, UPR fails to restore the normal function of the ER, and apoptotic cascade will be activated (Rao et al., 2004) . CHOP, a transcription factor, is thought to be important to the cell death process (Oyadomari et al., 2002; Silva et al., 2005) . In accordance with this, CHOP over expression has been shown to sensitize cells to the toxicity of ER stress (McCullough et al., 2001) . We observed more increased CHOP over expression in diabetic condition while more increased BiP over expression in FFA-induced ER stress was observed (data not shown). We cannot currently rule out the possibility that the increased channel activation coming from ER stress preparation could be linked to the UPR. To resolve this issue, further studies will be needed.
Another aspect of the present work concerns the pharmacological profile of the ER K + channels in ER stress preparations, compared with non-ER stress vesicles.
Our results provide also clear indications of decreased drug sensitivities for channels obtained from ER stress preparations relative to control. Figure 3 demonstrates that addition of 2.5 mM of ATP to the cytoplasmic side (cis chamber) did not affect channel activity while higher concentration of ATP (7.5 mM) completely blocked channel activity. Our previous studies showed that lower doses of ATP (500 µM-2.5 mM) blocked the channel activity in control condition (Ashrafpour et al., 2008; Ghasemi et al., 2014a) . In addition, the channel sensitivity to sulphonylurea compounds appeared to be reduced. Figures 4 and 5 demonstrate that addition of 400 µM of glibenclamide and 2.4 mM of tolbutamide to cis chamber completely blocked channel activity, respectively. There is some evidence that show the K ATP channel is inhibited by sulfonylurea (Kuum et al., 2012) . According to this result and our previous experiments, this endoplasmic reticulum cationic channel may be a K ATP channel (Hambrock et al., 2006) . Very recently, our study also showed the presence of Kir6.2 subunit which may be coexpressed with SUR1 or SUR2B and SUR2A subunits in ER K ATP channel structure (Ghasemi et al., 2014b) . The K ATP channel serves as a sensor of the cellular metabolic state and couples the metabolism of the cell with the membrane potential, primarily by sensing intracellular ATP levels (Matsuo et al., 2003) . It is an octamer composed of 4 Kir6 subunits and 4 SUR subunits (Matsuo et al., 2003) . SURs likely work in concert to regulate K ATP channel activity (Linton, 2007) and many of drugs act through the SUR subunit. In this regard, we found that there is ~4-6 folds decrease in sensitivity of the channel to sulphonylurea drugs in ER stress K channel preparations compared to control. As SURs was proposed to determine the sensitivity of the channel to sulphonylurea drugs, for example SUR1 exhibits high affinity for several sulfonylureas whereas SUR2 shows lower affinity for sulfonylureas (Hambrock et al., 2002) , it is possible that the observed decrease in drug sensitivity and increase in channel P o partly accounts for the altered SURs expression in ER stress rats compared to control group. Given that Ca +2 regulations by the ER is prominent in cellular apoptosis (Dolai et al., 2011) , these data may suggest that ER K + channel coming from ER stress vesicles contribute to a defect in this regulatory process may cause a progressive loss of cell function and the generation of a cellular pathological state.
To the best of our knowledge, we have presented the first compelling evidence of a physical and pharmacological alteration of ER K + channel in FFA-induced ER stress in rat hepatocytes. These changes may account for the profound abnormalities in channel gating properties, including increased open probability and decreased drug sensitivities. Results from this study may help us better understand the mechanisms that underlie channel dysfunction in ER stress, and moreover may provide new insights into the development of approaches for the management of disease.
